Abstract The flow field in junction is complicated due to the ripple property of oil flow velocity and different frequencies of two pumps in aircraft. In this study, the flow fields of T-junction and Y-junction were analyzed using shear stress transport (SST) model in ANSYS/CFX software. The simulation results identified the variation rule of velocity peak in T-junction with different frequencies and phase-differences, meanwhile, the eddy and velocity shock existed in the corner of the T-junction, and the limit working state was obtained. Although the eddy disappeared in Y-junction, the velocity shock and pressure loss were still too big. To address these faults, an arc-junction was designed. Based on the flow fields of arc-junction, the eddy in the junction corner disappeared and the maximum of velocity peak declined compared to T-and Y-junction. Additionally, 8 series of arcjunction with different radiuses were tested to get the variation rule of velocity peak. Through the computation of the pressure loss of three junctions, the arc-junction had a lowest loss value, and its pressure loss reached the minimum value when the curvature radius is 35.42 mm, meanwhile, the velocity shock has decreased in a low phase.
Introduction
There are two hydraulic engine driven pumps (EDPs) under each wing side in large aircraft. When the aircraft is under maneuver flight, the rudders require large flow to change locations, so the two EDPs will supply oil simultaneously. A junction connects three pipes which has two inlets to converge the oil and an outlet to export. Due to the flow ripple and different frequencies of oil supply, the complicated flow field around mixing junction needs to be researched.
T-junction and Y-junction are two common devices in pipeline system, as used in nuclear engineering 1, 2 and chemical engineering. 3, 4 There have been a lot of works on this study of junction flow including its oil-water two-phase flow, 5 thermal mixing, 6 aeroacoustics, 7 and turbulent mixing, 8 and researchers have paid more attention to the variation rules in the different mixing phases. Computational fluid dynamics (CFD) and experiments such as PIV 9 are two common methods in these previous works.
The turbulent flow in junction mixing is another significant research area. The k-e model 5 and SST model 2 have been used to describe the turbulence in CFD simulation, and the SST model based on the k-e model can use the k-e model outside of the boundary layer that makes the result more accurate. Adeosun and Lawal 3, 10 analyzed the T-junction in microchannel by using residence-time distribution (RTD) as a mixing characterization measure, and it showed a good agreement with the experiments. Anagnostopoulos and Mathioulakis 11 analyzed the unsteady flow in a square tube T-junction with horizontal branch, symmetry plane and vertical branch, and the simulation results demonstrated that flow can maintain much higher adverse pressure gradients before separating into the unsteady flow.
Y-junction is another kind of joint and has different structures from T-junction. Many scholars compared the characteristics between Y-junction and T-junction or others. Sierens and Verhelst 12 analyzed influence of the injection parameters with four kinds of junctions (T-junction, Y-junction, 45-deg junction, 45-deg junction inverse) on a multicylinder hydrogenfueled engine, and the results showed that Y-junction gave the highest power output, and the 45-deg junction gave the highest efficiency. Mansur et al. 13 suggested that the DTmicromixer provided better mixing efficiency than T-micromixer in liquid-liquid mixing by CFD simulation. Shao et al. 14 adopted three different inlet configurations (T-, Y-, M-junction) during gas-liquid Taylor flow in microchannels and found that the M-junction gave the largest mixing volume and longer bubbles; in contrast, the Y-junction gave the smallest mixing volume and shorter bubbles.
Due to the particular structure of the aircraft hydraulic pipelines, the traditional configuration of two flows converging is 90-deg mixing T-junction. Y-junction is another traditional industrial device which would bring angular tube due to its structure, so pressure loss of junction is a significant factor. Costa et al. 15 compared the loss coefficient of sharp and rounded junction, and the results presented that the rounded corners reduced the pressure losses but lead to higher turbulence in the branch pipe compared to the sharp corners. Saleh 16 summarized the empirical formulas of the friction loss and curved loss in straight pipe, curved pipe and junction.
In this paper, Section 2 demonstrates the basic equations and methods of fluid dynamics used in junction, boundary conditions and its meshing. In Section 3, the flow field of Tjunction is simulated by ANSYS/CFX, and the flow field of T-junction is analyzed in two working modes according to different pump working frequencies; what's more, the severe limit state is identified. Section 4 introduces the flow field and pressure loss of Y-junction, and compared with those of T-junction. Section 5 focuses on a new configuration of junction is developed based on the faults of the traditional junctions and aircraft inner space. The new arc-junction adopts a curved pipe as a branch. By examining a series of radiuses of the curved branch, the rule of the velocity shock variation is generated, and the loss coefficient of all kinds curved branches could be calculated. In hydraulic system, too drastic flow ripple can cause pressure ripple which would break the pipe, so it is significant to control the velocity shock due to the oil confluence in junction. Velocity shock in flow mixing and pressure loss of the junction are two evaluating indexes, based on which the optimal parameters of arc-junction can be obtained. Fig. 1 shows the T-junction structure and the flow directions, and the oil from inlet1 and inlet2 has a ripple property, which mixes in the T-junction. From the confluence to the outlet, there exists a complex flow field, especially, a dramatic flow shock and eddies may appear. Our objective is to alleviate the flow shock and minimize the pressure loss through the analysis of the flow field and by modifying the structure of T-junction. (a) Continuity equation:
Governing equations and boundary conditions

T-junction introduction
where v x , v y , v z are velocity vectors in the x, y, z directions, respectively, q f the fluid density, and t the time.
(b) Momentum equation:
where i presents x, y, z directions, respectively, g i the accelerations due to gravity, P the fluid pressure, l e the effective viscosity, R i the distributed resistances, and T i the viscous loss terms. (c) Incompressible energy equation Flow field and pressure loss analysis of junction and its structure optimization of aircraft hydraulic pipe system
where C P is the specific heat, and T the fluid temperature, v x , v y , v z amplitudes of velocity vectors in the x, y, z directions, respectively, K the thermal conductivity, and Q v the volumetric heat source.
SST model
Due to the sudden change of flow and special structure of the junction, the flow field regions near wall and far away from wall are quite different, meanwhile, the accurate simulation results of the entire flow field region need to be acquired to analyze velocity shock and pressure loss. Menter 18 proposed the SST model which combined the advantages of the k-e model 19 calculating bulk flow in the
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outer region and outside of the boundary layer and k-e model 20 in the inner boundary layer. Specifically, it adopts the k-e model in the flow near the wall and switches to k-e model for the flow in other regions, so the SST model was chosen to calculate the flow field of junction. The equations used in the CFX software 21 are as follows:
(a) Turbulent kinetic energy equation is
where v x , v y , v z are velocity values in 3-dimensional directions, k is the turbulent kinetic energy, l the dynamic viscosity, l t the turbulent viscosity,
, e the turbulent kinetic energy dissipation, and C l , r k the SST turbulent model constants.
(b) Specific dissipation rate equation is
where x is the specific dissipation rate, b x , c, r x , r x2 the SST turbulent model constants, and / the viscous dissipation.
The production term from the k-e model is replaced in SST model by
where C k is the SST turbulent model constant. The blending function F x is defined by
With,
where l is the distance to the nearest wall.
Boundary conditions 2.3.1. Far-field boundary conditions
The flow velocity entering the T-junction has a characteristic of the pulsation due to the discontinuous oil supply, so the ripple can be described as a sine function, and the velocities in 3-dimension are
where A, B the flow ripple amplitudes, U, V mean values of velocity in x and y directions, x 1 , x 2 frequencies of the flow ripple, u 1 , u 2 the phase differences, and p o the pressure of outlet.
Initial conditions
The frequency of the flow ripple is determined by the pump structure and its rotational speed, and the pressure is associated with the load. There are 9 pistons in both pumps. The rotational speed of the first pump is 2000 r/min, and the rotational speed of the second pump is 2000 r/min or 4000 r/min depending on the two working modes. The rotational speed of 2000 r/ min corresponds to the pump frequency of 300 Hz, so x 1 = 2p · 300, and the frequency of the other pump is 300 Hz or 600 Hz due to the two rotational speeds, so x 2 = 2p · 300 or x 2 = 2p · 600. A and B were set as 0.5 m/s; U and V are the mean values of velocity, which were set as 4.5 m/s;u 1 and u 2 were determined by the two working modes; p o was set as 20 MPa; the inner diameter of the pipe is 10 mm.
T-junction simulation
Flow field analysis of first working mode
According to the two working modes of pumps in aircraft, when both pumps worked at 300 Hz, x 1 and x 2 were set as 2p · 300; meanwhile, there existed angle phase differences of two flow inlets due to the boundary conditions, so u 1 was set as 0, and u 2 was set as follows in a period (see Fig. 2 ). Flow field and pressure loss analysis of junction and its structure optimization of aircraft hydraulic pipe system
The mean velocity of outlet is 9 m/s due to the mean velocity of two inlets, so the velocity ripple in junction is decided by the velocity peak of oil confluence in T-junction; meanwhile, pressure ripple to the pipe is due to the velocity ripple based on the same impedance of each T-junction. As we know, too large pressure ripple can damage the pipe, so the velocity peak after confluence is a key factor to the pipe safety.
By using transient analysis in ANSYS/CFX, the velocity cloud charts under the max velocity contour of the symmetry-plane in T-junction in one period were intercepted (see Fig. 3 ), and the velocity peak values were acquired.
As we can see from Fig. 3 , there exist velocity shocks after oil confluence in the each u 2 . The velocity peak decreases before u 2 = 180 o , and the minimum of velocity peak is 10.02 m/s when u 2 = 180 o , which stands for the minimum velocity shock, and then it increases after u 2 = 180 o . Meanwhile, the velocity value in the corner of the junction is close to zero, so the eddy exists in the corner obviously. Fig. 4 shows the variation rule of velocity peak in the first working mode according to each phase difference in Fig. 3 . The max velocity shock exists when the two inlets have the same phase difference.
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Flow field analysis of second working mode
When one pump worked at 300 Hz and the other worked at 600 Hz, x 1 was set as 2p · 300, x 2 was set as 2p · 600; meanwhile, u 1 was set as 0, and u 2 was set as follows in one period (see Fig. 5 ). By using transient analysis in ANSYS/CFX, another 8 series of velocity cloud charts under the max velocity contour of the symmetry-plane were intercepted as the results (see Fig. 6 ); meanwhile, the velocity peak values were also acquired. Fig. 7 shows the variation rule of the velocity peak in the second working mode. The velocity peak increases from u 2 = 0°to u 2 = 45°, and the max value is 13.06 m/s when phase difference u 2 reaches 45°, then the value decreases to 10.97 m/s until u 2 = 90°, and the value reaches another lower peak 12.82 m/s when u 2 = 135°, then it declines.
Compared to the first working mode, the max velocity peak of the second working mode is lower than the first one; meanwhile, the minimum of velocity peak is higher than the first one, but the eddy still exists in the corner of T-junction. According to this comparison, the severe working state occurs as x 1 = x 2 and u 1 = u 2 in the first working mode, and we can call it limit state which has the largest velocity shock, so the following research is under the limit state.
Y-junction simulation in limit state
Y-junction introduction
Y-junction is another kind of device of fluid confluence. As we can see from Fig. 8 , a is the confluence angle of two inlets; meanwhile, there exists an angle b due to the inlet2 from the Y-direction, which could bring curved loss. 
Flow field analysis in limit state of Y-junction
From the simulation results of T-junction, the limit working state occurred at the same frequencies (x 1 = x 2 ) and in the same phase difference (u 1 = u 2 ) of two pumps. We set the same boundary conditions as T-junction in the limit working state, meanwhile, the angle a of the Y-junction was set as 30°, 45°, 60°and 75°. The velocity flow fields under the max velocity contour of the symmetry-plane are shown in Fig. 9 . Fig. 9 shows the velocity cloud-charts with different angle a, and the velocity peak increases with a increasing; meanwhile, there is no eddy in the corner of junction due to the velocity shock in the corner. of velocity streamlines in X-direction, and the velocity peak in X-direction also increases with a increasing. Fig. 11 shows the velocity peak variation trend of the Yjunction. The max velocity peak is 14.7 m/s and the max velocity peak in X-direction is 13.6 m/s when a is 75°.
Loss coefficient of Y-junction
The pressure loss of Y-junction consists of friction loss, curved loss and confluence loss. The friction loss coefficient depends only on the material of the pipe and its smooth finish, so there is no difference between T-junction and Y-junction. The curved loss results from the change of flow direction, and the confluence loss is due to the variation of the cross section area. The curved loss and confluence loss coefficients of Y-junction are different from those of T-junction because of different structures. Fig. 12 shows the loss location of the Y-junction.
Curved loss
The angle of corner b and friction of the pipe wall f p are two factors which affect the curved loss coefficient k L . Table 1   16 shows the relation between b and k L .
Confluence loss
As we can see from Fig. 13 , the confluence loss coefficient k c is defined by the confluence angle a and the ratio g of the confluence area and branch pipe area. 
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where A 1 , A 2 the areas of the branch pipe, and A 3 the area of the confluence pipe. Table 2 shows the curved loss coefficient and confluence loss coefficient of the T-and Y-junction which were computed by Table 1 and Eq. (9) . From this table, the confluence loss coefficient of T-junction is larger than that of Y-junction. The confluence loss coefficient of Y-junction is smaller than that of the curved loss coefficient in the same conditions, and with the increase of b, the curved loss coefficient increases and the confluence loss coefficient decreases.
Compared to the T-junction, velocity shock of Y-junction is still violent; meanwhile, there exists too large curved loss in small a scope. Aimed at these problems, a new arc-junction should be designed.
Arc-junction simulation in limit state
Arc-junction introduction
Aimed at the problems of large eddy and velocity shock caused by traditional junction types (T-junction and Y-junction), one original straight branch pipe was designed to the arc pipe although it is more difficult to process in reality than T-and Y-junction, see Fig. 14.
Flow field analysis in limit state
According to the new arc-junction, the velocities of inlet 1 and inlet 2 were also set as T-junction and Y-junction in limit working state. The radius of the curvature q is a key factor which affects the velocity shock and pressure loss, and 8 series of radius were designed to analyze the flow filed of arcjunction.
Figs. 15 and 16 show the variation of velocity under the max velocity contour in symmetry-plane and velocity streamlines in X-direction of arc-junction. As we can see from Fig. 15 , the flow velocity field after confluence becomes uniform with the curvature radius increasing. Figs. 15 and 16 show that the velocity peak and that in X-direction decrease with the radius of curvature increasing. The variation rule of Angel of corner b Curved loss coefficient velocity peak in Fig. 17 shows that the velocity peak decrease gently when the curvature radius q varies from 35 mm to 45 mm, and the value of velocity peak is about 10.6-10.7 m/ s; meantime, the value of velocity peak in X-direction is about 10.4-10.6 m/s. However, the rule of pressure loss may not be the same as the variation of velocity peak.
Pressure loss discussion
The pressure loss also consists of three parts: (a) the friction loss between the fluid and pipe wall; (b) the curved loss due to flow direction alteration; (c) the confluence loss due to the flow cross section area alteration in junction. Fig. 18 shows the loss location of the arc-junction. Based on the empirical formula from Ref. 16 , the head (pressure) loss can be calculated by:
where h a is all the head loss, h f the friction loss, h L the curved loss, and h c the confluence loss.
Friction loss of the pipe
Friction loss is caused due to the surface friction between fluid and pipe. The wall roughness of the pipe and Reynolds number of the flow are two key factors. The function used in Ref. 16 is shown as Eq. (12):
where L is the length of the curved pipe, d the inner diameter of the pipe, v m the mean velocity of the flow, g the value of gravitational acceleration, and f the friction coefficient which is computed by the Colebrook formula 16 . 
where f is wall roughness, and Re the Reynolds number.
Curved loss of the pipe
The curved loss is caused by alteration of flow direction, and it is different from that of Y-junction due to the long length of curved pipe. The angle of the curved pipe and radius of curvature are two factors. The function used in Ref. 16 is shown as Eqs. (14) and (15) .
where h is the angle of the curved pipe, and k L the loss coefficient referred to Ref. 22 .
Confluence loss of the junction
The confluence loss is caused due to the flow cross section area alteration in junction. The radius of curvature and diameter of junction after confluence are two key factors, see Fig. 19 . Eq. (16) was fitted by least square method from experiment data 16 , and Fig. 20 shows the fitted graph of the confluence loss coefficient with different R. D 1 and D 2 are the diameters of the pipe before flow confluence.
where R is the radius of curvature subtracting the pipe radius, D 3 the diameter of the junction after confluence, and k c the confluence loss coefficient.
Comparing to Tables 2 and 3 Flow field and pressure loss analysis of junction and its structure optimization of aircraft hydraulic pipe systemT-junction. Then, the optimal arc-junction can be acquired based on the flow field analysis and pressure loss computation.
Based on the coefficients of friction loss, curved loss and confluence loss, the total head loss can be computed by Eq. (11) . Fig. 21 shows three structure forms of junction, and the Fig. 16 (continued) sum length of L 1 and L 2 sin a was set as 50 mm; meanwhile, the sum length of L 3 and q was also set as 50 mm, so all three junctions were under the same space conditions. Through the computation using Eq. (11), the head loss of three junctions in limit state is shown as Fig. 22 .
As we can see from Fig. 22 , the head loss of T-junction is the largest of all the three junctions, and its value is 1.045 m (0.01 MPa); the head loss of Y-junction is smaller than that of T-junction, and according to the four angles of Y-junction, the value gets the minimum when a is 45°. When a is 75°, the value is larger than that of 45°due to the high confluence loss, and when a is 30°, the value is also larger than that of 45°due to the high curved loss. The head loss of arc-junction gets the minimum value of all three junction types, especially when the radius of the curvature is 35.42 mm, the head loss of arc-junction gets the minimum value which is 0.538 m (0.0053 MPa), and it is considered as the optimal structure.
If the arc-junction adopted the radius of curvature 35.42 mm and the Y-junction adopted the angle a = 45°, Flow field and pressure loss analysis of junction and its structure optimization of aircraft hydraulic pipe systemoutlet pressure was set as 20 MPa, the pressure fields of three junctions by using ANSYS/CFX are shown in Fig. 23 . As we can see from Fig. 23 , the pressure drop can be computed by the pressure value at inlet subtracting the value after confluence. The pressure drop of T-junction from Fig. 23(a) is 0.08 MPa; that of Y-junction from Fig. 23(b) is 0.05 MPa; that of arc-junction from Fig. 23(c) is 0.03 MPa. The results show that the pressure drop of fluid in arc-junction is the minimum, which indicates the same law with results using the empirical formulas.
Conclusions
(1) From the flow field analysis of T-junction in two working modes, the variation rule of the velocity peak is obtained, and the eddy exists in the corner of T-junction. The limit state occurs when x 1 = x 2 and u 1 = u 2 . (2) Based on the limit state, the flow fields of Y-junction are obtained. Although there is no eddy before a = 75 o , elevated velocity shock exists in the corner and the curved loss occurs due to the changing of the pipe direction. If the values of a are too small or too large, the pressure loss would increase due to the curved loss and confluence loss. (3) Through structure optimization and simulation, the flow fields of arc-junction shows that the eddy of junction corner disappears and flow field performance after confluence is better than T-junction and Y-junction. (4) Through the simulation with different curvature radii of the arc-junction, it can be concluded that the velocity peak decreases with the radius of curvature increasing, and the value of velocity peak changes smoothly after 35 mm. (5) The head (pressure) loss of arc-junction is the lowest one among three kinds of junction. The head loss of arcjunction gets its minimum value which is 0.538 m when the radius of curvature is 35.42 mm. It is considered as the optimal structure of arc-junction due to the lowest pressure loss and weak velocity shock.
